Changing sea level is a major factor in the pattern of enrichment of organic carbon in marginal and epicontinental seas. Organiccarbon-rich facies accumulate preferentially during major transgressive episodes. Rising sea level promotes retention of nutrients in marginal seas through several possible mechanisms, leading to higher organic production and/or eutrophic conditions. Transgressive seas also create circumstances that lead to seasonally or longer-term enhanced water-column stratification and development of anoxia in combination with eutrophism. Finally, rising sea level promotes nearshore trapping of terrigenous clastic material, creating condensed intervals that are characterized by enrichments in organic carbon. The interplay of these mechanisms is illustrated by integrated studies of the Holocene Black Sea, the Cenomanian-Turonian of the U.S. Western Interior Basin, and strata of the Middle to Late Devonian Appalachian Basin.
INTRODUCTION
The general correlation between black-shale deposition and transgressive stratigraphic sequences has long been observed (see reviews by Arthur and Sageman, 1994; Wignall, 1994) . Various mechanistic hypotheses have been proposed to account for this association, including: (1) insufficient ventilation due to deepening combined with water column stratification, (Demaison and Moore, 1980) ; (2) transgressive condensation (Hallam and Bradshaw, 1979; Loutit et al., 1988; Middleburg et al., 1991) ; and (3) an expanding "puddle" of anoxic water due to interplay of thickening water column and decreased accumulation rate of bulk sediment (Wignall, 1991 (Wignall, , 1994 Wignall and Maynard, 1993) .
However, it is likely that the forcing is much more complex than any single factor. For example, sedimentary condensation alone probably does not produce a widespread black shale unit, but in concert with changes in circulation, ventilation and/or higher primary production, condensation produces a unit more enriched in organic carbon (OC) than otherwise. The purpose of this study is to reexamine the relationship between black-shale deposition and marine transgressions on the basis of recent developments in the study of organic-matter burial, and to elucidate the combinations of forcings that accompany marine transgressions to produce widespread black shales.
In doing so, we focus on three examples from our own studies of modern and ancient OC-rich strata-the Holocene Black Sea, Cenomanian-Turonian strata of the Western Interior Seaway of North America, and Upper Devonian black shales of the Appalachian Basin. In our view, these regionally extensive "black shales" exhibit a strong imprint of the effects of rising sea level on OC deposition and preservation and allow us to illustrate the complexities of these effects.
In the examples to follow, enhanced burial of Type II marine (amorphous, high hydrogen index) organic matter (OM) is controlled by a number of factors, either individually or in combination. Most important is OM supply and quality resulting from relatively high primary production. Under favorable export and burial conditions, high surface-water primary productivity, due primarily to enhanced nutrient delivery, results in OM supply that exceeds the capacity of the system for organic-matter decomposition. In the case of enhanced OM preservation, favorable export conditions, such as a shallow water column (e.g., Müller and Suess, 1979) and reduced O 2 exposure time (Hartnett et al., 1998) are critical. High primary productivity results in a greater OC flux to the sediment-water interface (SWI), where other factors come into play that can increase the efficiency of burial and preservation of the OC. The latter results in a shift to less efficient microbial metabolism and lower levels of OM degradation during early burial, i.e., a dominance of anaerobic metabolism (e.g., Canfield, 1989) . A favorable sediment accumulation regime modulates both O 2 exposure time and sulfide generation rate; sulfide plays a key role in limiting heterotrophic sediment aerators. (Bioturbation also increases residence time of organic matter in the shallow oxygenated zone of sediments.) However, sulfate reduction in anaerobic water columns does represent a significant source of organic-matter degradation in some basins; for example, in the Cariaco Basin water-column sulfate reduction is estimated to consume about two-thirds of the export flux of organic C (Thunell et al., 2000) .
We will demonstrate, using several different examples from the geologic record, that rising sea level in epeiric seas exerts a master control on OM burial (Fig. 1 ). This control is exerted primarily through the effects of deepening of the water column and landward retreat of the shoreface, which results in trapping of sediment inshore. In many marginal basins and epicontinental seas, deepening decreases the frequency and magnitude of bottom-water ventilation, with consequent development of oxygen deficiency, thereby enhancing OC preservation. This relationship between transgression and anoxia is illustrated by many Holocene examples, particularly where fresh-water fluxes to the basin are high, including the Baltic Sea (e.g., Sohlenius et al., 2001) , the Cariaco Basin (e.g., Richards, 1975; Peterson et al., 1991; Piper and Dean, 2002) , and the Black Sea (Degens and Stoffers, 1976; Arthur and Dean, 1998) . In addition, deeper connections to adjacent oceanic basins can allow nutrient-rich, O 2 -depleted water masses of the oxygen-minimum zone (OMZ) to be advected into a basin, especially if there is a quasi-estuarine circulation pattern; this may enhance primary productivity while adding oxygendeficient water masses to basinal deep waters (Fig. 1) .
The effects of deepening on water-mass stratification occur because most epeiric seas were probably too shallow to maintain permanently stratified water columns (e.g., Parrish, 1982; Heckel, 1991) . In flooded but shallow epicontinental seas stratification was probably dominated by development of seasonal thermoclines, which were mixed to a greater or lesser degree by winter storms, depending on long-term variance in storm intensity (e.g., . This was especially the case at maximum flooding stages when only the very largest storms would mix to the bottom. Such an oceanographic regime is optimal for the remineralization of biolimiting nutrients from decomposing OM, nutrient buildup in bottom waters, and intermittent recirculation to surface waters, thus providing a further mechanism of enhancing primary production levels.
Another sea-level effect on OC concentrations involves condensation. When deepening is accompanied by shoreface transgression (i.e., rate of sea-level rise exceeds rate of siliciclastic supply, and/or complements subsidence of a foredeep), finegrained sediments may be sequestered in drowned river valleys (estuaries), causing a shift to lower average bulk accumulation rates in the distal facies tracts. In this way, relative siliciclastic condensation leads to increased concentration of biogenic sediments and OC concentrations are generally higher if oxidation is not too extensive. In this environment, the development of black shales probably reflects enhanced OC preservation because of a combination of faster relative burial of OM into the SO 4 = reduction zone, H 2 S buildup, decreased burrowing, and less dilution by carbonate during development of mudrock facies (calcareous shales, marly shales, marlstones). Reduced delivery of reactive iron, which characterizes maximum flooding stages, when terrigenous input to the deeper basin is at a minimum, may aid in this process by lowering H 2 S buffering capability (Meyers et al., 2004) . Deposition of organic-carbon-poor limestone facies occurs when OM burial is slow, H 2 S is rare, burrowers are dominant, and OM remineralization by aerobes is very effective. Either black shales or limestones can be deposited during transgressive intervals, but limestones form when clastic-sediment supply and nutrient input from rivers to a basin is relatively low and overall oligotrophic conditions prevail.
Thus, rising sea level plays a very important role in the genesis of black shales. We will examine the intricate interplay of the effects of transgressive systems that produce black shales in epicontinental and marginal seas. Although we do not provide detailed sequence stratigraphic frameworks for each of the examples, we do discuss "black shales" related to both basal transgressive episodes and and maximum flooding episodes, as distinguished, for example, by Wignall and Maynard (1993) .
THE HOLOCENE BLACK SEA

Background and Depositional Setting
The Black Sea is a tectonically isolated basin with only a shallow connection with the saline waters of the Aegean and Mediterranean seas and a maximum depth of nearly 2250 meters. A permanent halocline at a depth of about 80 m in the center of the basin coincides with the redoxcline or "chemocline", which separates the fresher, oxic surface waters from more saline, anoxic and sulfidic deep waters. This redox interface deepens as much as 210 m along the basin margins (e.g., Murray et al., 1989) . The hydrochemical structure of the Black Sea depends critically on freshwater inputs from rivers, atmospheric forcing, topography, and seawater inputs through the Bosporus (e.g., Özsoy and Ünlüata, 1997) . During the last glacial maximum, seawater inputs from the Mediterranean were cut off, and the Black Sea was apparently a fully enclosed freshwater lake (Degens and Ross, 1972) ; as sea level rose, seawater entered the Black Sea system, either as a trickle (Degens and Ross, 1972) , a catastrophic event (Ryan et al., 1997) , or something between these two scenarios . At some point after the initial influx of seawater to the basin, water-column anoxia developed. Ryan et al. (1997) have suggested that development of anoxia accompanied the abrupt spillover event, which, in their hypothesis, occurred at about 8 ka. Arthur and Dean (1998) adopt about the same age for the development of anoxia on the basis of radiocarbon data from Jones and Gagnon (1994) but suggest that the anoxia required at least 2 kyr to develop after the initiation of spillover of saline waters from the Mediterranean Sea. From 8 ka to the present, the Black Sea has been typified by a large volume of deep, anoxic and sulfidic water with resulting fine-grained sediments that are thinly laminated and relatively rich in organic carbon.
Despite long historical usage of the Black Sea as a type example of an anoxic basin and analog for black shale-forming basins of the past (e.g., Degens and Stoffers, 1976) , the details of the temporal and chemical evolution of the deep anoxic water remain somewhat controversial. For example, some workers favor high biologic productivity coupled with an oxygenated water column (e.g., Calvert, 1990; Pedersen and Calvert, 1990) while others argue for long-term water-column anoxia, perhaps with high productivity, as the primary control on deposition of laminated, organic-carbon-rich sediments in the Black Sea (e.g., Degens and Ross, 1972; Arthur and Dean, 1998) .
FIG. 1.-A)
Flow chart illustrating important factors involved in the development of organic-carbon rich facies in an epicontinental setting during transgressions. B) Diagrammatic cross section of an epicontinental basin bounded by an orogen, showing spatial distribution of factors involved in the production and preservation of organic carbon in sediments during sea-level-rise events. Large arrows represent water-column mixing; small arrows reflect basinward sediment transport ("focusing"). Note: large vertical exaggeration and diagram not to scale.
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Sediment Characteristics and Depositional History
The principal features of the Black Sea sediments have been described by Ross and Degens (1974) , Hay et al. (1991) , , and Arthur and Dean (1998) . The uppermost meter of sediment from the deep basin and basin margin contains up to four characteristic units (Fig. 2) . The most recent sediments (Unit I) are composed of up to 55 cm of thinly laminated, coccolith-bearing marl which contains 1-5% organic carbon and 10-75% calcium carbonate (CaCO 3 ). Below Unit I is an approximately 50-cm-thick (up to 150 cm), thinly laminated, carbonatepoor sapropel (Unit II) which contains 1-20% organic carbon and 5-15% CaCO 3 . Homogeneous muds (turbidites) of variable thickness are commonly found interbedded with Units I and II in the deep portion of the basin but are less common on the basin slopes (e.g., Lyons, 1991) . Estimates of the timing of the Unit IUnit II boundary range from 1.63 ka on the basis of varve counts to 2.7 ka on the basis of bulk radiocarbon analyses of carbonate or organic carbon from samples collected from the deep basin (Jones and Gagnon, 1994) . The upward transition from Unit II to Unit I includes the first appearance of Emiliania huxleyi, a coccolithophorid that apparently indicates an increase in surface-water salinity during Unit I deposition and produces more CaCO 3 -rich sediments of Unit I. The age of the Unit II-Unit III boundary is ca. 7.9 ka on the basis of radiocarbon analyses (Jones and Gagnon, 1984) . This FIG. 2.-A) Geochemical data (organic C, CaCO 3 , pyrolysis hydrogen index (HI)) for Black Sea southwestern basin margin core GGC 01(data from Arthur and Dean, 1998) with lithologic unit designations. B) Geochemical data (organic C, CaCO 3 , pyrolysis hydrogen index (HI)) for Black Sea deep western basin core GGC 20 and BC 21 merged (data from Arthur and Dean, 1998) with lithologic unit designations. See Figure 3 for site locations. transition between Units II and III is marked by an upward increase in OC content, from < 1 wt% in Unit III to the organic carbon-rich sapropels (up to 20% OC) of Unit II, and a change from macroturbated clays (Unit III) to laminated sediments (Unit II) . The older Pleistocene-Holocene sediments, Unit III, are composed of massive to macrobanded, organic carbon-poor clays (< 1% organic C). The change from Unit III to Unit II sediments records the transition in the Black Sea from an oxic Pleistocene freshwater lake to the present anoxic-sulfidic marine basin at about 8 ka. Deuser (1974) suggested that oxygen depletion in the Black Sea water column began at about 9 ka, immediately after Mediterranean waters began spilling into the basin through Bosporus Strait. The influx of saline waters led to density stratification in the basin, progressive depletion of deep-water oxygen, and the slow, upward advance through the water column of the O 2 -H 2 S interface (Glenn and Arthur, 1985; Degens et al., 1980) . On the basis of radiocarbon dating, varve counting, and sediment geochemical studies, Arthur and Dean (1998) proposed that the onset of watercolumn anoxia was virtually synchronous at ~ 7.5 ka across the basin at depths below ~ 200 m. Furthermore, it appears that the position of the oxic-anoxic interface in the water column has been largely stationary over the past ~ 7.5 ka with the exceptions of possible short-term advances and retreats (e.g., Glenn and Arthur, 1985; Murray et al., 1989; Lyons et al., 1993; Sinninghe Damsté et al., 1993; Arthur and Dean, 1998) . These changes in the depth of the chemocline are important because they could have altered the spatial relationship between the oxic-anoxic boundary and the photic zone, thus affecting the organic geochemical character of the underlying sediments. In the sediments, the transition to anoxia is apparently marked by the Unit III to Unit II transition or the point where the sediments become both laminated and enriched in organic carbon (Fig. 3) as well as an increase in the pyrolysis hydrogen index (Figs. 2, 4) (Wilkin et al., 1997; Arthur and Dean, 1998) . Wilkin and Arthur (2001) found that pyrite in laminated, deep-basin sediments of Unit I and Unit II, consists chiefly of finegrained framboidal aggregates. The framboid size distributions in Unit I and Unit II at all sites are virtually identical. Wilkin and Arthur (2001) argue that these pyrite framboids, with a narrow size distribution and small maximum size (< 18 µm) indicate syngenetic (water-column) pyrite formation subjacent to the O 2 -H 2 S boundary (top of the chemocline). The boundary between Unit II and Unit III is clearly marked, in all cores, by an increase below the boundary in average framboid size and framboid size variability. Studies of Fe-S-C relationships (e.g., Leventhal, 1983; Lyons and Berner, 1992) , S-isotope systematics (e.g., Muramoto et al., 1991;  Calvert et al., 1996; Lyons, 1997; Wilkin and Arthur, 2001) , and pyrite morphology and size distribution (Wilkin et al. 1996; Wilkin et al., 1997 ) all point to a pyrite burial flux in the deep-water Black Sea sediments of Units I and II dominated by water-column inputs-i.e., the syngenetic component-and support an interpretation of long-term anoxia in the Black Sea. Sediment accumulation rate varies from 4 to 33 cm kyr -1 in Unit I and 8 to 22 cm kyr -1 in Unit II, with lowest rates near the basin center. Data on accumulation rate indicate that the fluxes of organic C are similar from margin to basin center for both Unit I (ca. 0.2 gC cm -2 kyr -1 ) and II (ca. 0.3 gC cm -2 kyr -1 ), but in very high sedimentation rate regimes along the margin, organic C accumulation rates may be significantly higher than 0.3 gC cm -2 kyr -1 . Because clastic dilution is highest at the margins, OC % increases systematically basinward in Unit II (Fig. 3) and Unit II thins considerably as well. This illustrates the typical proximal-distal effects on organic C concentrations. Organic C is about two times higher in Unit II than in Unit I at the basin center, primarily because of the dilution by biogenic CaCO 3 in Unit I, but also because primary productivity may have been higher during deposition of the lower part of Unit II. Hydrogen index increases systematically with increasing organic C (Fig. 4A) , suggesting that the highest OC concentrations represent enhanced preservation of lipid-rich marine OM. Thus, both productivity and preservation produced the sapropels of Unit II. Marginal sequences are characterized by less hydrogenous OM with high oxygen indices (Fig. 4B) The Black Sea receives greater than its share of freshwater runoff from major rivers in comparison to the world ocean average. These rivers carry large fluxes of dissolved phosphate (Grasshoff, 1975) and terrigenous sediment (Shimkus and Trimonis, 1974) with adsorbed phosphate that can be released in estuaries and anoxic prodelta environments. This phosphate is effectively trapped in the Black Sea because only nutrient-depleted surface waters are exported through the Bosporus (e.g., Fonselius, 1974) . The anoxic deep-water conditions do not promote sequestration of phosphate in sediments (e.g., Ingall and van Cappellen, 1990) , and, in fact, it appears that the average organic C/P burial ratio after subtraction of detrital phosphorus is about 400 in Unit II sediments , much higher than that for typical oxic sediments (ca. 250; Ingall and Jahnke, 1997). Figure 5 illustrates the lack of increase of P in Black Sea sediments with increasing OC in Unit II, which supports the preferential release (low burial efficiency) of P in this euxinic setting. Thus, much of the phosphate supplied to the Black Sea remains in solution in deep waters (now ca. 8 µm or nearly three times the maximum for the oldest deep waters in the world ocean; Fonselius, 1974) , available to support progressively higher primary production with time.
GGC20+BC21 GGC20+BC21
Sea level played an important role in the evolution of anoxia of the Black Sea, creating both a stable water column that retarded mixing down of oxygenated surface waters and, at the same time, driving upwelling of nutrient-rich waters to promote high surfacewater productivity. This principle was used in modeling the evolution of Black Sea deepwater chemistry and other parameters with results shown in Figure 6 (see Arthur and Dean, 1998 
in a progressive increase in deepwater phosphate concentration through time from the initiation of more saline deep-water formation driven by the connection with the Mediterranean that resulted from the rise in sea level reaching effective sill depth by about 9 ka. Thus, the main driver for increasing the fertility of the Black Sea is assumed to be the input of river-borne phosphate and its accumulation in deep water because of the development of anoxia. Anoxia develops because of the higher productivity and carbon fluxes to deep water accompanying the buildup of phosphate in combination with the stable stratification produced by the combination of continued freshening of surface waters resulting from high river fluxes and the salinization of deep waters by inflow of saline Mediterranean surface waters (Fig. 6) . Thus, the silled character and estuarine circulation, created by the sea level high stand, makes the Black Sea an effective nutrient trap and has created a large, sapropel-forming environment. The Black Sea is, however, by no means the "stagnant" and "oligotrophic" basin that it has commonly been portrayed to be. The residence time of deep water is only on the order of 300 years or so (e.g., Murray et al., 1989) because the overflow of Mediterranean water into the Black Sea entrains about three times its volume in Black Sea surface and shallow-intermediate waters during sinking. This provides "upwelling" of an equivalent volume of deep water and its high nutrient load elsewhere across the basin to drive moderate to high primary productivity. In fact, Karl and Knauer (1991) suggested that average primary productivity in Black Sea surface waters is > 200 gC m -2 y -1 (0.02 g cm -2 y -1 ) in contrast to the value of 100 gC m -2 y -1 assumed by Deuser (1974) and used by many others. The high OC fluxes and enhanced preservation under anoxic, sulfidic deep waters leads to OC-rich sediments in the deep basin.
THE CRETACEOUS WESTERN INTERIOR BASIN
Background and Depositional Setting
The Western Interior Basin of North America developed during Late Jurassic and Cretaceous time in response to crustal loading in the tectonically active Sevier Orogenic Belt (Price, 1973; Jordan, 1981; Kauffman, 1984) . The principal structural zones in the basin include the rapidly subsiding western foredeep, an incipient, discontinuous zone of forebulge uplifts that lies within 100 km of the thrust front, a broad, moderately subsiding central axial basin, and a stable to slowly subsiding eastern cratonic platform (Kauffman, 1984) . As a result of both basin subsidence and eustatic fluctuations, the basin was repeatedly flooded by marine waters from Albian to Maastrichtian time (Williams and Stelck, 1975; Kauffman, 1977 Kauffman, , 1984 . Among these FIG. 5.-Plot of the relationship between weight percent total phosphorus (Ptot) and organic C (OC) for deep-basin Unit II sediments in the Black Sea. The C:P Redfield line represents an atomic ratio of 106:1 (intersection with the P axis is the background "detrital" P value) and illustrates the trend expected for a phosphorus burial efficiency equal to that of OC.
FIG. 6.-Results of numerical forward model for the Black Sea (modified from Arthur and Dean, 1998) . A) Trends in river input and Mediterranean inflow (scaled by sea-level height above effective sill depth); B) salinity of surface and deep water masses produced by the model (constrained to acceptable values through time and to reproduce present-day values); C) trends in deep-water dissolved oxygen and phosphate and the flux of organic C to the deep-basin floor produced by the forward model. The model is set up to produce anoxia by about 7.8 ka in accordance with available age dates.
large-scale depositional cycles, the Late Cenomanian to Early Turonian Greenhorn Marine Cycle is one of the most extensively studied: it records a peak sea-level highstand for the Cretaceous and a time when the seaway reached its maximum bathymetric and paleogeographic dimensions (Fig. 7) , and includes a record of both the global Oceanic Anoxic Event II and the CenomanianTuronian (C-T) mass extinction (Kauffman, 1977 (Kauffman, , 1984 Hancock and Kauffman, 1979; Schlanger et al., 1987; Haq et al., 1987) . During C-T time the basin extended some 4800 km in a northsouth direction, connecting the circumpolar "Boreal" Ocean (present-day Arctic Canada and Alaska) with western Tethys (present-day Gulf of Mexico and Caribbean), and had a maximum width of about 1600 km. Although paleobathymetric estimates for the basin have varied over the years, a review of the evidence and interpretations of various authors by Sageman and Arthur (1994) resulted in estimates of 100 to 300 m for peak C-T highstand.
The central Western Interior Seaway (WIS), where much of the high-resolution stratigraphic work has been done (e.g., Hattin, 1975; papers in Pratt et al., 1985) , lay between 30 and 45° N paleolatitude (Fig. 7) . The region was characterized by a warm and humid subtropical climate on the basis of geological and paleobiogeographical indicators and numerical climate models (Kauffman, 1984; Barron et al., 1985; Glancy et al., 1993; Slingerland et al., 1996) . Although the bulk of siliciclastic sediment in the basin was derived from the Sevier orogenic belt to the west as a result of active uplift (Fig. 7) , it is thought that significant fresh-water flux may have reached the basin from both margins (Slingerland et al., 1996) . This fresh water mixed with saline water masses of the Tethyan and Boreal in Western Interior at peak highstand, major lithofacies, Tethyan and Boreal water masses (modified by mixing within the basin), and relative water mass movements (modified from Sageman and Arthur, 1994; Slingerland et al., 1996) ; Locations of the A) USGS Escalante, B) USGS Portland #1, C) Amoco Rebecca Bounds #1, and D) Shock Errington #1 core sites are indicated by lettered dots with line of section for Figs. 9 and 10 illustrated. 
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oceans to produce a complex hydrography, hypotheses for which have been proposed by numerous authors (Hay et al., 1993; Jewell, 1993; Slingerland et al., 1996) . Although the basin was formerly interpreted as having a relatively stably stratified water column with a "freshened" surface layer (e.g., Pratt, 1984; Barron et al., 1985) , paleobiological observations (repetitive benthic colonization events by macrofauna followed by mass mortalities) indicate that ventilation events were common even in the most organic-carbon-rich units, consistent with the interpretation of a relatively shallow seaway (Sageman, 1989; Sageman and Bina, 1997) . These events were followed by a return to dysoxia-anoxia, suggesting that stratification (e.g., prevalence of the "seasonal" thermocline) was reestablished within a few years. Overall, indicators of benthic oxygen deficiency throughout the Greenhorn Marine Cycle (laminated sediments, reduced macrofaunal diversity and abundance, geochemical indicators) suggest that bottom-water oxygen demands were high, net water-column mixing reduced because of at least intermittent stratification, or perhaps most likely, some combination of both (see below). Although there were variations in the nature and degree of oxygen deficiency throughout the Greenhorn cycle, the basin never experienced a prolonged euxinic state characteristic of stable, highly stratified systems like the Black Sea. Evidence for transitory photic-zone anoxia documented at a site on the eastern cratonic platform (Simons and Kenig, 2001 ) is consistent with this interpretation of a relatively dynamic system (i.e., Sageman, 1989; Sageman and Bina, 1997) .
Sediment Characteristics and Depositional History
The major lithostratigraphic units of the Greenhorn Marine Cycle include the Graneros Shale, the Greenhorn Limestone, and the Carlile Shale in the central and eastern parts of the basin, and their stratigraphic equivalents in the intertonguing Mancos Shale and Dakota Sandstone of the western margin (Fig. 8) . These units are dominated by fine-grained mudrock facies that vary stratigraphically in the basin center from noncalareous clay shales, to skeletal limestone-bearing calcareous shales, to pelagic limestone-bearing marls, and then through the same sequence in reverse order, leading Kauffman (1977 to designate this succession as a marine cyclothem. Each of these broad facies categories (generalized here for brevity-see Hattin 1975; Kauffman 1977 Kauffman , 1984 and papers in Pratt et al., 1985 for details) contains OC-rich mudrocks that show spatial and temporal variations in organic-matter type, concentration, and associated components. The broadest observable pattern is the trade-off between siliciclastic dilution and carbonate dilution that is evident in the stratigraphic succession of the basin center, as well as in a transect across the basin within any stratigraphic interval. For example, note the trends in CaCO 3 and organic C from east to west (Figs. 9, 10), which reflect the major source of dilution by siliciclastics from the Sevier orogenic belt. Application of the Obradovich (1993) time scale in both vertical and horizontal dimensions supports the overall conclusion that bulk sediment accumulation rates [as represented here by effective sedimentation rates, not FIG. 8.-Diagrammatic W-E cross section of the Western Interior Basin showing regional stratigraphic relations within the Greenhorn marine cycle: inferred stacking patterns of marginal marine shoreface strata on the western margin are compared to the stratigraphic column for a distal offshore site (Rock Canyon Anticline, Pueblo, Colorado) with plot of wt. % TOC (compiled from Pratt et al., 1985, and unpublished data) . An interpreted relative sea-level curve showing depth of water above the sill depth at the southern opening of the WIS to the Gulf of Mexico is included at right. Inferred stratigraphic relationships are opaque and inferred correlations are dashed (modified from Sageman, 1991) .
corrected for compaction] (a) decrease from west to east in any given stratigraphic interval (e.g., from > 4.0 to < 1.0 cm kyr -1 in a transect of Hartland Shale from New Mexico to Kansas) and (b) decrease in any given location as relative sea level deepens (e.g., from > 3.0 to < 0.8 cm kyr -1 in the transgressive phase of the Greenhorn cycle in the basin center).
The overall stratigraphic sequence shown in Figure 8 represents a long-term (± 10 Myr) cycle of relative sea-level change upon which higher-frequency cycles are superimposed (e.g., Sageman, 1985 Sageman, , 1996 Kauffman and Caldwell, 1993) . These higher-frequency cycles, represented in Figure 8 by the dark horizontal lines connecting shorface progradations with intervals of decreased and/or variable TOC concentrations, correspond in scale to some of the third-order sequences of the Haq et al. (1987) sea-level curve. There has been considerable debate about the causal factors for highfrequency Cretaceous sea-level fluctuations in the past, and proposals for driving mechanisms range from local and global tectonics to glacioeustasy (e.g., Kauffman and Caldwell, 1993; Elder et al., 1994; Gale et al., 2002; Laurin and Sageman, 2001; Miller et al., 2003) . Regardless of the ultimate cause for sea-level changes recorded in the Western Interior, there is a clear relationship in the Greenhorn marine cycle between transgressive sequences, decreases in bulk accumulation rates, and OC enrichment.
Transgression and Nutrient Ingression in the WIS
The likelihood that the Western Interior Seaway was silled at both ends (e.g., note central Texas lacuna of Early Turonian age; Fig. 7 ) presents an interesting possibility to explain the correspondence between transgressive episodes and development of OC horizons therein. Slingerland et al. (1996) developed a numerical model of circulation for the WIS at maximum transgression in the earliest Turonian. They used constraints from an atmospheric general circulation model (AGCM) and results from an ocean GCM for external forcing parameters (winds, evaporation, precipitation, initial salinities and temperatures at the sea surface) to drive a higher-resolution numerical circulation model for the WIS, with bathymetry and basin morphology after Sageman and Arthur (1994) . They found that sea-surface heights were elevated on the eastern and western edges of the WIS because of strong freshwater runoff (particularly from the western margin of the seaway) and that this produced strong shore-parallel jets (coastal FIG. 9.-CaCO 3 profiles for the Bridge Creek Limestone and equivalents in an onshore-offshore (west to east) array of drillholes (USGS Escalante, USGS Portland #1, Amoco Rebecca Bounds #1 and Schock-Errington #1) from Colorado and Kansas (see Dean and Arthur, 1998 ; data for the Schock-Errington #1 core are from Hayes et al., 1989) . Site locations are shown on paleogeography in Figure 11 . Important correlable bentonite horizons ("A", "B", and "C") are shown by solid lines in each core, and the best pick for the Cenomanian-Turonian boundary (on the basis of available biostratigraphy and carbon isotope data) by a gray line. The profiles are aligned on the Cenomanian-Turonian boundary.
currents, southward-directed on the west, northward on the east) and consequent counterclockwise gyral circulation in the WIS. This circulation drew colder water of lower salinity in along the western margin from the Boreal Sea and warmer water of higher salinity in along the eastern margin from the Gulf of Mexico (Tethys). These Tethyan and Boreal water masses were subsequently modified in temperature and salinity as they moved south and north, respectively (e.g., Hay et al., 1993) . Interestingly, the Slingerland et al. (1996) study found no tendency for long-term salinity-induced stable stratification in the WIS. This result contradicted the prevailing view at the time (e.g., Pratt, 1984; Barron et al., 1985; Kauffman, 1988 ) that periodic high rates of freshwater runoff to the seaway created a "freshwater lid" (or, in some views a low-salinity layer) that prevented vertical mixing and ventilation of deeper waters, caused extensive oxygen deficiency and resulted in the observed enhancement of preservation of organic C. Kauffman (1988) suggested that stratification may have been produced by warm surface waters from the protoGulf of Mexico flowing over cold deeper water from the Arctic Ocean and would have been enhanced by freshwater runoff. On the other hand, Hay et al. (1993) argued that the polar and subtropical waters that entered the Western Interior Seaway would have had very different temperature and salinity characteristics, but the two water masses might have had the same densities, and the front where these two surface-water masses met may have produced a third more dense water mass that became the bottom water of the seaway and perhaps became a significant source of intermediate water to the world ocean. In their hypothesis, because of abrupt environmental changes at the front, plankton from both surfacewater masses would have been killed, imposing a large biological oxygen demand on the descending third water mass and hence oxygen-depleted bottom waters in the seaway. This effect would have been greatest at peak transgressions.
An alternate mechanism for enhancement of organic carbon burial is suggested by the mode of circulation simulated by Slingerland et al. (1996;  see also Kump and Slingerland, 1999) . As a result of the quasi-estuarine circulation pattern that develops in the basin subsurface, waters from outside are drawn in over the sills as sea level rises. This occurs because of the large volume transport of surface water over the sills at both ends of the basin resulting from strong coastal currents. If the deeper subsurface waters were depleted in oxygen and relatively enriched in nutrients, as, for example, waters in the upper part of an OMZ would be, these waters would be drawn into the basin and would constitute a potentially strong, external source of nutrients to the seaway. There is evidence that a strong OMZ prevailed in the Caribbean and Gulf of Mexico during the Cenomanian and Turonian (e.g., Arthur and Schlanger, 1979, for Texas Gulf Coast and Mexico; Erlich et al., 1999, and Perez-Infante et al., 1996 , for northern South America). Thus, we suggest that the ingress of OMZ waters upon transgression was a significant contributing factor for OC enrichment in the WIS, not because of the oxygen-deficient waters impinging on the sill, although this might account for enhanced preservation of organic carbon over part of the WIS, but because of the enhanced nutrient supply, which would have stimulated primary productivity during vertical mixing. Dean and Arthur, 1998 ; data for the Schock-Errington #1 core are from Hayes et al., 1989) . Site locations are shown on paleogeography in Figure 11 . Important correlable bentonite horizons ("A", "B", and "C") are shown by solid lines in each core, and the best pick for the Cenomanian-Turonian boundary (on the basis of available biostratigraphy and carbon isotope data) by a gray line. The profiles are aligned on the Cenomanian-Turonian boundary.
height of about 75 meters in order to have a major influx of OMZ waters into the WIS from the south because 50 to 75 meters is typically the depth to the base of the oxygenated mixed layer overlying an oxygen-minimum zone (OMZ) along the eastern margins of the Pacific Ocean today. Thus, rises in sea level above sill depth of less than 50 meters or so would not have had a great effect on the nutrient budget of the seaway. Figure 12 illustrates the effect of sea level on WIS primary production and deepwater phosphate concentrations simulated using a box model with different steady-state water balances as the result of changes in sea level. The water fluxes in the box model were initially constrained using the mass balances produced by the Slingerland et al. (1996) numerical circulation model at maximum transgression for the WIS and were scaled down linearly with sea level. This approach, although not necessarily correct in detail, suffices to demonstrate the effects of increasing import of deep water into the WIS from within the OMZ impinging on the southern sill of the basin (Fig. 11) . At sea-level stands of less than 75 meters above sill depth, the deep-water phosphate concentration remains relatively low despite greatly increased primary productivity. In fact, the increasing volume of deep water in the WIS accompanying transgression causes average deepwater P concentrations to decrease (constant river input of P assumed), and it is not until sea level tops 75 meters above sill depth that the phosphate concentration increases significantly above 2 micromoles kg -1 (OMZ water is assumed to have had 3 micromoles kg -1 phosphate). Productivity increases with increasing relative sea-level height in the model above a certain threshold level above sill depth because mixing is scaled to sea level in the model such that, volumetrically, there is a lower turnover rate at low sea levels and, although phosphate concentrations in deeper water are higher for a sea level of < 25 meters than for 25-75 meters, the rate of primary productivity in surface waters is lower. Essentially, during transgressive episodes the initial rise in sea level above sill depth brings oxygenrich, nutrient-poor surface waters from above the OMZ into the basin, whereas subsequent continued rise in sea level allows nutrient-rich, oxygen-poor OMZ waters to enter the basin over the sill. Because primary productivity is a function of both the deep-water phosphate concentration and the vertical mixing rate, primary production is more directly related to sea level than it is to phosphate concentration in Figure 12 .
The influx of deoxygenated and phosphate-rich water into the WIS at a certain point during transgression from an external OMZ . Sea-level curve shows secular trend associated with Greenhorn marine cycle but also includes higher-frequency oscillations possibly forced by orbital control of glacioeustasy. Black pattern denotes bottomwater oxygen deficiency.
to the south is indicated by progressively higher OC concentrations and apparently earlier occurrence of enrichment in organic C in the Bridge Creek Limestone towards the deeper eastern part of the WIS ( Fig. 9 ; note the high organic C concentrations below bentonite "B" in the two easternmost sections that are not present in the western sections). In addition, Savrda (1998) , using ichnological studies of the same cores, demonstrated that deposition of the lower part of the Bridge Creek Limestone in the Rebecca Bounds #1 core was characterized by dominance of anoxic to dysaerobic conditions in contrast to more oxic conditions in the Portland #1 core to the west (Fig. 7) . The external OMZ was not the only elevated source of nutrients to the seaway. High fluxes of freshwater from the western margin probably delivered substantial weathering-derived phosphate to the WIS, with the likelihood that the freshwater fluxes increased as the seaway expanded and regional climate became more maritime (e.g., Eriksen and Slingerland, 1990; Slingerland et al., 1996) , thus providing moisture to fall out as orographically produced rain/snow on the mountainous region to the west. Clay mineralogy data collected by Pratt (1984) were interpreted as showing that clay-rich, clay-poor bedding cycles in the Greenhorn Formation were the result of varying supply of terrigenous clastic material from the western highland. She suggested that the clay-and organic carbon-rich beds in the Greenhorn were deposited during wetter time periods when density stratification of the water column caused by buoyant plumes of brackish water and suspended clay was greatest. The bioturbated limestone beds of the Greenhorn were deposited during drier time intervals when less diluting detrital clastic material was transported into the basin and the water column was thoroughly mixed. Organiccarbon-rich marlstones in the Pratt hypothesis were formed as the result of oxygen deficiency during stable stratification, but higher nutrient supply and productivity induced by the runoff is also a possibility.
The development of low dissolved oxygen in deeper waters of the WIS probably created conditions conducive to phosphate release from the upper tens of centimeters of sediments deposited on the seafloor and encouraged enhanced phosphate recycling (low P burial efficiency). Much like the Black Sea (Fig. 6 ), P concentrations do not increase significantly with increasing OC in WIS sediments (e.g., Fig. 13 ; see also Dean and Arthur, 1998) . In sum, the major transgressive episodes would have promoted high primary productivity in surface waters through the contribution of externally derived nutrients (OMZ and riverine) and enhanced recycling of P.
Thus, we return to the patterns in Figure 8 for the Cenomanian-Turonian strata in the WIS that illustrate the relationship between an interpretive relative sea-level curve (based on patterns of shoreline advance and retreat, sedimentologic observations, and benthic macrofossil paleoecology) and changes in concentrations of OC. Higher concentrations of OC are found during higher sea level stands. We have taken the liberty of sketching in approximate sill depths that coincide with our model scalings and show the extent of relative sea-level rise in comparison to the relative significance of OC-rich horizons.
DEVONIAN APPALACHIAN BASIN
Background and Depositional Setting
Based on a broad array of paleontologic, geochemical, and geologic evidence, significant intervals of the Paleozoic are interpreted to have experienced hothouse climate conditions, consistent with the predictions of elevated atmospheric CO 2 levels based on geochemical models (i.e., Berner and Kothavala, 2001 Interior Seaway during transgressive episodes, and B) average concentration of dissolved phosphate in deep waters of the seaway as a function of sea level on the basis of a numerical box model for the seaway using boundary conditions established by Slingerland et al. (1996) . Dissolved P and primary productivity increase with rising sea level because deeper water from an OMZ external to the basin is drawn into the WIS because of the estuarine circulation and the OMZ impinging on the sill (see Fig. 11 for schematic sequence of events).
These time intervals were characterized by decreased equator-topole temperature gradients and polar regions that were probably above freezing for significant periods. As a result of reduced ice volumes, possible tectono-eustatic effects, and crustal subsidence in a variety of tectonic regimes, widespread marine flooding of continental areas occurred (Woodrow, 1985; Johnson et al., 1985; Hallam, 1984) . Although black-shale deposits are present in a number of the Paleozoic transgressive sequences in epicontinental basins, those of the Devonian Appalachian Basin (DAB) in the eastern part of North America (Fig. 14) are of particular interest because: (1) this basin has one the most detailed lithostratigraphic frameworks for a Paleozoic foreland system, allowing excellent interpretations of sea-level history and resulting changes in sedimentation (Rickard, 1975; Ettensohn, 1985a Ettensohn, , 1985b Ettensohn et al., 1988; Woodrow et al., 1988; House and Kirchgasser, 1993; Brett 1995; Ver Straeten and Brett, 1995;  (2) the paleontological record is superb (e.g., Sutton et al., 1970; Thayer, 1974; McGhee and Sutton, 1981; Sutton and McGhee 1985; Brett et al., 1991) and includes a series of major faunal events associated with black-shale deposits that support the interpretation of benthic oxygen deficiency (Brett and Baird, 1996) , including the Frasnian-Famennian mass extinction (McGhee, 1982) . This interval also witnessed the rise of vascular land plants, an event that may have had a profound impact on continental weathering rates and nutrient fluxes to the oceans (Algeo et al., 1995; Algeo and Scheckler, 1998) ; and (3) a growing data base of geochemical proxy data from Devonian black shales of the distal Appalachian and Illinois basins that are relevant to the question of organic-matter burial in epeiric seas (e.g., Maynard, 1981; Roen, 1984; Ingall et al., 1993; Roen and Kepfele, 1993; Murphy et al., 2000a Murphy et al., , 2000b Werne et al., 2002; .
The DAB was a retroarc foreland that developed adjacent to the Acadian Orogenic belt, a mountain chain built by oblique collision of the North American continental margin with the Avalon terrane (Faill, 1985; Ettensohn, 1985a Ettensohn, , 1987 Rast and Skehan, 1993) . Crustal loading by the inboard fold and thrust belt caused subsidence of an elongate foreland basin (Quinlan and Beaumont, 1984; Beaumont et al., 1988) , which was dominantly filled by siliciclastic material eroded from the uplifted orogen (Ettensohn, 1985a (Ettensohn, , 1985b . Although paleobathymetric reconstructions for ancient epeiric seas are notoriously difficult to constrain with precision, and early estimates for the DAB ranged to many hundreds of meters, the current consensus on waterdepth estimates for this basin is similar to that of the Western Interior Sea . On the basis of distributions of lithofacies, biofacies, and stratigraphic architecture, the distal part of the Appalachian Basin (i.e., Genesee Valley: see Fig.  15 ) was most likely characterized by shelf to upper slope depths (≤ 300m at maximum highstands) and, except during major lowstands like the Taghanic Unconformity, had open connections to the global Devonian ocean across the Cincinnati Arch (near "Al" in Fig. 14) , which acted as a sill bounding the cratonward side of the basin (Ettensohn 1985a) (Fig. 14) .
The DAB lay in mid-southern latitudes, approximately 30-35S , with a latitudinally subparallel orientation (Witzke and Heckel, 1988; Scotese and McKerrow, 1990; Witzke, 1990; Van der Voo, 1979) . Climatic interpretations for the basin are quite variable, but this likely reflects the long time span under consideration (Late Eifelian though Early Famennian, spanning more than 14 Myr), the transitional nature of the climate as vascular land plants spread and pCO 2 levels went from high to low, and the fact that interpretations are based on geological indicators on one hand (e.g., Woodrow et al., 1973; Heckel and Witzke, 1979; Scotese et al., 1985; Woodrow, 1985; Witzke and Heckel, 1988; Witzke, 1990) , and numerical models on the other (e.g., Ormiston and Oglesby, 1995) . A consensus view suggests that subtropical conditions prevailed with a warm but seasonally variable climate, common storm activity (e.g., McCollum 1988) , and significant precipitation in the Acadian Orogen due to orographic effects (Ettensohn, 1985b; Ormiston and Oglesby, 1995) . It has been proposed that climate cooled from the mid-to Late Devonian (Scotese and McKerrow, 1990; Copper, 1986; Buggisch, 1991; Isaacson et al., 1997) , roughly coincident with the rise of vascular land plants (Algeo et al., 1995) and a major decrease in atmospheric pCO 2 levels predicted by geochemical models (Berner and Kothavala, 2001) . Although the Ormiston and Oglesby (1995) simulations did not result in cooling or produce summer snowcover in either hemisphere for this time, thus failing to develop Gondwanan glaciation, geologic evidence for glacial activity (e,g., Isaacson et al., 1997) suggests that the simulations may not be entirely correct. Given recent proposals concerning possible glacioeustasy during the Mesozoic hothouse (Stoll and Schrag, 2000; Gale et al., 2002; Miller et al., 2003) , changes in ice volume should not be ruled out as a possible driver of high-frequency sea-level change in the Late Devonian.
Given its configuration (Fig. 14) , the hydrography of the DAB is difficult to establish with certainty. It has been suggested that terrestrial fresh-water flux was sufficient to support nearly permanent salinity stratification across the basin during some intervals (Byers, 1977; Ettenshohn, 1985a Ettenshohn, , 1985b Ettensohn and Elam, 1985) , but this conclusion may have largely been driven by a perception that DAB black shales were deposited under fully euxinic conditions. Recent geochemical studies have shown, however, that this conclusion holds for only one major blackshale unit in the DAB (Werne et al., 2002) and that other mechanisms for enhanced carbon burial, such as anoxia-nutrient- productivity feedback may have been more common (Murphy et al., 2000a; . Modern studies indicate that strong haloclines are usually restricted to estuarine plumes withiñ 50 km of the shoreline (Van der Zwaan and Jorissen, 1991), even for large rivers, but black shales in the DAB extend to hundreds of km offshore (Dennison, 1985) and were deposited during transgressions (see below) when shorelines had migrated to their farthest landward positions. In contrast, regressive facies, which should reflect the maximum basinward influence of riverine processes are characterized by normal marine benthic taxa including large rugose and tabulate corals, bryozoans, crinoids, brachiopods, gastropods, and large bivalves . As a result of these arguments, the seasonal thermocline model for water column stratification (i.e., has been proposed as a more likely hypothesis for DAB hydrography (Murphy et al., 2000a) . Note that this does not rule out the possibility of a significant fresh-water flux bearing terrestrially derived nutrients.
Sediment Characteristics and Depositional History
The stratigraphic interval of interest extends from the Onondaga Limestone (Late Eifelian) through the Dunkirk Shale FIG. 14.-Paleogeographic map for North America, generalized for late Eifelian through early Famennian time, illustrates major orogens and terranes (Avalon), extent of continental flooding, and relative paleobathymetry (based on Ettensohn and Barron, 1981; Leventhal, 1987; Johnson et al., 1985; Johnson and Sandberg, 1988; Witzke and Heckel, 1988) (Early Famennian) (see Fig. 15 ). Descriptions of lithofacies for the Hamilton Group and for the Marcellus Subgroup have been provided by Brett (1986) and Brett and Baird (1994) , and by Ver Straeten et al. (1994) , respectively, and for the overlying Genesee, Sonyea, West Falls, and Canadaway Groups by deWitt et al.
(1993), Kirchgasser and Oliver (1993) , and Kirchgasser et al. 1994 . A recent review of depositional history for the entire interval can be found in . Overall, these lithostratigraphic units reflect the long-term cratonward progradation of the Catskill Delta complex by a relative increase in the proportion of coarser-grained facies upsection, as well as the progressive basinward migration of the shoreline ( . The sea-level curve is based on a combination of lithofacies (House and Kirchgasser, 1993; Brett and Baird, 1996) , trends in CaCO3 and Ti/Al, and regional stratigraphy (see cross section above), and includes labels for correlative eustatic events of Johnson and Sandberg (1988) . Tectophases II and III of Ettensohn (1985a Ettensohn ( , 1985b are indicated next to sea-level curve. The geographic location of the cores is shown in the map inset, and their position within a west-east cross section of the prograding Catskill Delta complex (modified from House and Kirchgasser, 1993 ) is also illustrated. See for further details.
and . Superimposed on this long-term shallowing trend is a hierarchy of depositional cycles. The largest scale of these cycles was interpreted to result from basin subsidence events by Ettensohn (1985a Ettensohn ( , 1985b and termed tectophases (Fig. 15) . They consist of a basal thinly laminated, dark gray to black, organic-carbon-rich clay shale or mudstone, commonly associated with thin beds of skeletal carbonate and interpreted to reflect maximum tectonic subsidence and water depth, overlain by medium gray to gray burrowed mudstones increasingly interbedded with silty mudstone, siltstone, and sandstone intervals and interpreted to reflect regional shallowing during tectonic quiescence (e.g., Marcellus subgroup through Moscow Formation). The topmost facies of the cycle consists of platform carbonate deposits interpreted to reflect shallow water depths and the lowest levels of siliciclastic influx during the last stage of tectonic quiescence, or possibly the earliest phase of subsidence and deepening (e.g., Onondaga and Tully Limestones; Fig.  15 ). Within these large-scale cycles are smaller-scale oscillations in lithofacies and benthic faunas interpreted to reflect higherfrequency oscillations in relative sea level House and Kirchgasser, 1993; Brett, 1995; Ver Straeten and Brett, 1995) . Geochronology for the Devonian study interval was recently revised on the basis of new dates from volcanic ash material (Tucker et al., 1998) . These dates allow a coarse time scale to be constructed for the DAB, but the time scale is not sufficiently resolved to allow accurate calculation of sedimentation rates within each black-shale unit. On the basis of interpolation from the Tucker et al. (1998) dates, the entire DAB study interval shown in Figure 15 represents about 14 Myr and the average linear sedimentation rate (LSR-uncorrected for compaction) is 3.8 cm/ kyr. Additional information from House (1985) based on integrated biostratigraphic and cyclostratigraphic analysis of coeval European sections allows some improvement in resolution, particularly for the late Eifelian and early Givetian. Using the data from House (1985) , LSRs in the Hamilton Group appear to be as low as 0.1 to 0.4 cm kyr -1 during deposition of the lower Givetian Marcellus subgroup but increase to as much as 3.5 cm kyr -1 in the upper Givetian Moscow Formation (see Fig. 15 ). Applying the interpolated time scale to the Frasnian-Famennian part of the section yields an average LSR of 6.7 cm kyr -1 , suggesting an overall increase in sedimentation for the Genesee through West Falls groups. This observation is consistent with the basinward progradation of the Catskill complex (Fig. 15) . Figure 15 illustrates the relationship between trends in wt. % OC in the studied cores and interpreted sea-level changes. The sea-level record is based on a combination of the following evidence:
Transgression and Anoxia-Productivity Feedback
(1) Regional stratigraphic relationships-major black-shale units, defined here as strata with average TOC levels in excess of 2 wt. %, thinly laminated or nonburrowed sediment fabric, and very low faunal diversity and abundance levels, occur as transgressive tongues that have a significant landward extent. In addition, a number of these units thin markedly in the basinward direction ( Fig. 15 ; note that OC plot uses a log scale with 1% and 10% levels indicated by dashed vertical lines);
(2) Global eustatic interpretation-on the basis of biostratigraphic correlations, the major black-shale units correspond to sealevel-rise events in the eustatic curve of Johnson and Sandberg (1988) . Although the trend in relative sea level interpreted from lithofacies and faunal tracking patterns (e.g., ) is consistent with the Ettensohn (1985a Ettensohn ( , 1985b tectophase model, suggesting regional tectonic control of sea level, the correlation of DAB transgressions to eustatic events and the occurrence of higher-frequency black-shale units of regional extent support the additional role of eustasy-both mechanisms were most likely active (Werne et al., 2002) ; and (3) Consistent sedimentological and geochemical observations-collectively, the black-shale units illustrated in Figure 15 show a consistent pattern of decrease in overall grain size, increase in concentration of grains interpreted to reflect eolian input, increases in the fraction of algal vs. terrestrially derived organic matter, and relative decreases in ratios of elements reflecting detrital flux to those representing background detrital and eolian (siliciclastic and volcanogenic) fluxes (e.g., Ti/Al, Si/Al, Na/K, and K/Fe+Mg). These data indicate significant sediment starvation of basinal facies during transgressions of the shoreline (Murphy et al., 2000a (Murphy et al., , 2000b Werne et al., 2002; .
As stated above, the so-called preservation model, which was heavily influenced by early studies of the Black Sea, dominated thinking on OC burial in the DAB for many years. Recent analyses of geochemical indicators for redox conditions in each of the black shales units shown in Figure 15 have demonstrated, however, that only deposits of the Marcellus Subgroup accumulated under euxinic conditions (Werne et al., 2002) . The Oatka Creek Formation in the Marcellus Subgroup, for example, includes samples of black mudstones devoid of burrows and characterized by TOC values > 10 wt. %, molybdenum (Mo) values > 200-300 ppm, degree of pyritization (DOP) values from 0.7 to 1.0, and sulfur isotope values for pyrite (δ 34 S pyr ) more depleted than -30‰. In contrast, overlying OC-rich units such as the Geneseo, Middlesex, Rhinestreet, and Pipe Creek Formations include laminated to slightly burrowed black mudrocks with average TOC values around 3 wt. %, Molybdenum values generally between 0 and 20 ppm, DOP values (Geneseo Fm.) < 0.4, and δ 34 S pyr that vary from +12‰ to -20‰. On the basis of these observations, a pattern of depletion in stable-isotope carbon values of both bulk carbon (δ 13 C org ) and putative phytoplanktic-sourced compounds, and a pattern of significant increase in the ratios of organic carbon to total phosphorus (P tot ) and total nitrogen (N tot ) in the black shales of the Geneseo Formation, Murphy et al. (2000a) proposed a model for anoxic release of nutrients and subsequent eutrophication (mechanism of Ingall et al. 1993) to account for enhanced burial of OC. Using arguments summarized above for basin hydrography, as well as concepts from Aller (1994) , Jahnke (1997), and Ingall et al. (1993) , Murphy et al. (2000a) reasoned that fluctuating anoxia due to establishment and breakdown of thermoclines would lead to effective nutrient remineralization, buildup in bottom waters, and episodic mixing (e.g., by 100 yr storms). Relative depletion in δ 13 C org values in the Geneseo Formation was taken to reflect dominance of respired CO 2 in a restricted local reservoir (Lewan, 1986; Rohl et al., 2001) , and thus periodic mixing of bottom waters. In this way, a mechanism for self-sustaining eutrophication is created. Murphy et al. (2000) applied this model, with some variations, to the black shales overlying the Geneseo in the DAB (Fig. 15 ) (see Sageman et al., 2003 for summary) .
The master proximate variable that initiated and regulated the nature and extent of excess OM burial in the DAB was relative sea-level change. A combination of tectonic subsidence and eustasy controlled changes in accommodation space, which determined the depth of the water column, the volume of bottom and surface waters, and thus the relative effectiveness of seasonal (or longer-term) mixing events and concentrations of microbial reaction products like respired CO 2 , nitrate, and phosphate. When water depth was at a maximum during Marcellus subgroup deposition, seasonal mixing rarely penetrated the bottom waters and euxinic conditions prevailed. With the decrease in relative sea level through time, the effectiveness of annual mixing increased and the "productivityanoxia feedback" mechanism (Ingall et al., 1993 ) became a key factor in maintaining high burial fluxes of OC. During this secular decrease in relative sea level, short-term sea-level rise events were the catalysts for OM burial as they caused sediment starvation and OC concentration in surface sediments. This led to bottom-water O 2 depletion, progression to nitrate and/or sulfate reducing conditions, and enhanced OM remineralization, which, under conditions of oscillating seasonal dysoxia-anoxia, primed the eutrophication pump. Cessation of this process was forced by dilution, as the increasing flux of siliciclastics associated with short-term relative sea-level fall progressively lowered surface sediment OC concentrations until demand for O 2 was met by new supply from seasonal mixing. The key question stemming from this new model of excess OC accumulation is the relative role of recycled vs. terrestially derived nutrients (e.g., Algeo et al., 1995; Joachimski et al., 2002) . On the basis of simulations in which the Black Sea model represented in Figure  6 was adapted to DAB parameters, Sageman and Arthur (2001) suggested that both enhanced terrestrial nutrient flux and anoxia-productivity feedback were necessary to produce oxygen deficits sufficient to initiate extensive burial of organic carbon.
DISCUSSION
Sediment Accumulation Rate
Sediment accumulation rate (uncompacted rate in cm kyr -1 or calculated mass accumulation rates of g cm -2 kyr -1 ) is an important factor in determining concentrations and degree of preservation of labile organic carbon. For a given flux of organic carbon (F˚) to the sediment-water interface (SWI), progressively greater fluxes of sediment from other sources both enhance preservation of organic carbon (i.e., increase "burial efficiency" (BE), the percentage of OC that is preserved during burial (OC f ) with respect to that reaching the sediment-water interface (F˚): BE = (OC f /F˚)*100; Henrichs and Reeburgh, 1987; Canfield, 1989; Betts and Holland, 1991) and lead to progressive dilution and diminution of sedimentary OC concentration as burial efficiency reaches a maximum (Tyson, 2001) . Figure 16 illustrates the impact of increasing sediment accumulation rate on sedimentary OC contents. Three generally parallel curves show the effects of varying OC flux to the sediment-water interface, as well as correlation of burial efficiency with sediment accumulation rate (e.g., BE = 2.19 * 10 (139 log w/log (7.9 + w)) ; Betts and Holland, 1991) .
At sediment accumulation rates of ≥ 1 cm y -1 (≥ 1000 cm kyr -1 ), characteristic of modern coastal and deltaic settings, anaerobic decomposition of organic matter dominates because the penetration depth of dissolved oxygen into sediments is shallow and rates of oxygen consumption are high. Although BE in such environments is high (approaches 100%), sedimentary OC contents are relatively low as a result of dilution. On the other hand, in settings characterized by sedimentation rates ≤ 0.01 cm y -1 (≤ 10 cm kyr -1 ), the interval tens of centimeters below the SWI generally remains oxic and, therefore, most organic degradation results from aerobic processes. Aerobic degradation accompanied by relatively low fluxes of OC to the SWI generally results in degradation of most labile OC (low BE). Note, however, that over the range of sedimentation rates considered, the calculated OC contents decrease rapidly at sedimentation rates above 0.01 cm y -1 because the rise in rate of dilution outstrips the increase in burial efficiency. For each curve the OC flux to the sediment-water interface is assumed to remain constant across the range of sedimentation rates. Thus, for each case, only the changing BE and degree of dilution affect organic-carbon contents.
A fourth curve (D) in Figure 16 illustrates the trend for modern marine environments based on a fit to sediment accumulation rate vs. OC flux to the sediment water interface given by Tromp et al. (1995) : LogF˚ = 2.49 + 0.85 log w where F˚ is the flux of organic carbon to the SWI (g C m -2 y -1 ) and w is the sedimentation rate (cm y -1 ).
This relationship includes the effect of increasing water depth, over which both sedimentation rate and F˚ decrease (e.g., Tromp et al., 1995) . Because of water-column consumption, OC flux decreases exponentially with depth (e.g., Suess, 1980) , such that less than 1% of mixed-layer primary production reaches the SWI at a depth of 5 km. Low sediment accumulation rates and low fluxes of OC typify deep-water (≥ 2.5 km) pelagic environments, whereas higher sediment accumulation rates and OC fluxes are characteristic of continental-margin settings, particularly deltaic and inner-shelf environments. After taking into account the increase in BE with increasing sedimentation rate, this pattern leads to predicted low OC contents at sediment accumulation rates of ≤ 0.01 cm y -1 , peak OC at rates of 1 to 10 cm y -1 , and decreasing OC at sediment accumulation rates above about 10 cm y -1 . We would argue that this particular pattern is not directly relevant to many ancient black-shale settings in epicontinental seas because the complete range of sediment accumulation rates occurs at water depths of a few hundred meters or less, regions in which OC fluxes to the seafloor remain high and are a significant fraction of mixed-layer primary production. Thus, the relationship between sediment accumulation rate and sedimentary OC concentration in ancient epicontinental sea basins probably exhibited the shape of curves B and C in Figure 16 . Clearly, sediment accumulation rate is a key factor in accumulation of OC-rich strata, and the modulation of distal sediment accumulation rate in epicontinental seas and marginal basins by the rate and duration of sea-level change exerts a critical master control over this process.
Creation of accommodation space and landward movement of the shoreline during transgression indicates that the rate of relative sea-level rise exceeds the rate of sediment supply to the depositional shoreface zone. Thus, sediment supplied during relative sea-level rise events is typically sequestered in nearshore settings, including estuaries resulting from river incision during the previous lowstand of sea level. The deposition of sediment inshore therefore starves more distal shelf and basinal settings of sediment, favoring development of dominantly biogenic sediments there. In cases where relatively high fluxes of organic carbon occur and/or anoxic conditions impinge on distal regions, the lack of dilution by clastic sediment leads to relative enrichment in organic carbon in sediments as discussed above.
The relationship between sea-level rise, sedimentation rate, and enrichment in OC is clearly illustrated in the depositional systems of the Upper Devonian of the Appalachian Basin and the mid-Cretaceous of the Western Interior Seaway. 
Nutrient Cycling and Sea-Level Rise
Sea-level rise can alter ocean circulation patterns and/or rainfall, weathering, and nutrient supply to create changes in nutrient cycling within a basin. We suggest that the most important effects of prolonged, relatively rapid rates of sea-level rise are: (1) causing an estuarine circulation pattern that draws an influx of low dissolved-oxygen, high-nutrient, shallow-intermediate (≥ 75m depth) water into a deepening basin from an external oceanic source, inducing elevated productivity; (2) creating an estuarine circulation pattern that leads to relative water-column stability, effectively trapping and recycling nutrients within a basin, causing deeper-water anoxia with or without high productivity; and (3) expanding shallow seas to create greater regional evaporative sources of moisture and thus increase regional orographic precipitation, weathering, erosion and riverine phosphate fluxes to a deepening basin.
These three factors can operate in concert to produce sediments rich in organic carbon.
As an example, the Holocene Black Sea is a deep silled basin that receives greater than its share of fresh water from rivers. Prior to the Holocene rise in sea level, however, the Black Sea was a large, seasonally overturning lake that had generally oxic deep waters. With the rise in sea level, spillover of relatively warm, saline surface waters from the Mediterranean Sea created a stable stratification and, because of the high rate of phosphate supply from rivers and a relatively long residence time of deep waters, the deep waters became anoxic over a period of a few thousand years (Arthur and Dean, 1997) , although some workers have suggested nearly instantaneous development of deep-water anoxia upon reconnection to the Mediterranean during sea-level rise (Ryan and Pitman, 1999) . In essence, Black Sea Unit II represents a basal transgressive black shale. The Black Sea also illustrates patterns of OC enrichment from margin to deep basin FIG. 16.-Calculated relationships between sediment accumulation rate and sedimentary organic-carbon concentration are illustrated for set of parameters shown in legend and discussed in the text. Curve D utilizes the variation in F˚ (organic C flux to the sediment-water interface) with sediment accumulation rate given by Tromp et al. (1995) , whereas A through C use constant Få s indicated. Also shown are average values ("error bars" represent range of values for each unit) of organic C vs. sediment accumulation rate for black shales discussed in this paper. Box outlines estimated range of values for hemipelagic deposits in epicontinental seas.
related to diminishing sediment supply as well (Fig. 3) . Thus, rapid Holocene sea-level rise coupled with high rates of freshwater discharge to the basin created an estuarine circulation that led to gradual salinization of the Black Sea but maintained a strong vertical density stratification. In order to maintain a water balance, less saline surface waters, depleted of nutrients, are exported through the Bosporus to the Mediterranean as nutrientpoor waters of relatively high salinity flow beneath them into the Black Sea. The buildup of nutrients in Black Sea deep waters, supplied largely by fluvial sources, and the upwelling of these deep waters driven by the sinking of saline Mediterranean waters that entrain a considerable mass of Black Sea surface and shallow intermediate waters, maintain relatively high productivity and carbon fluxes to the sea floor. The mid-Cretaceous Western Interior Seaway (WIS) of North America may be an example of the first process coupled with the third, as well as the effects of sea-level rise on sedimentation rate discussed above. According to results of numerical models of circulation (Slingerland et al., 1996) , rising sea level and high fluxes of fresh water to the margins of the seaway produced an anticlockwise gyral circulation over much of the seaway that led to export of somewhat freshened surface waters and import of deeper waters from the open ocean over deepening sills. The Cenomanian-Turonian in the WIS is marked by a series of marine transgressions (Fig. 8 ), which correspond with intervals of overall higher sedimentary OC concentrations. We suggest that these episodes of higher OC were caused by higher surfacewater primary production coupled with lower deep-water (water depths of a few hundred meters in the WIS; Sageman and Arthur, 1994) oxygen concentrations. The increases in primary production were driven by increased nutrient availability as the result of the penetration of relatively nutrient-rich and dissolved-oxygen-poor deeper waters drawn from the Caribbean region by the strong estuarine circulation created during rapid transgression (e.g., Slingerland et al., 1996; Kump and Slingerland, 1999) and the effective sequestration of these nutrients within the WIS. The effect of increasing magnitude of sealevel rise, based on the fluxes established by the numerical circulation model, is shown in Figure 12 and is discussed earlier in this paper.
Late Devonian black shale formation probably did not involve import of nutrients from water masses external to the Appalachian Basin. Instead, this isolated, relatively shallow basin appears to have sequestered phosphorus supplied to the basin largely by rivers draining adjacent highlands to the east. Although the basin appears to have been seasonally mixed, oxygen was largely depleted and nutrient concentrations high enough to sustain seasonally dysoxic to anoxic conditions. On the basis of a simple box model, it appears that there is a tradeoff between the rate of overturn of the basin and the input of nutrients from rivers. Reasonable rates of overturn require excess phosphate supply by rivers by a factor of three or more over typical values for the estimated size of the drainage basin. Sea level affects the rate of overturn and drives development of anoxia through development of stable stratification via a thick surface layer.
Although this review has focused primarily on the role of transgressive seas in promoting black-shale deposition in marginal basins and epicontinental seas, sea-level changes can also be envisaged as a driving force for black-shale deposition in larger ocean basins. For example, flooding of low-latitude shelf seas has been invoked as a mechanism to increase ocean overturn rates (Arthur et al., 1987) , increasing upwelling supply of deep-waterderived nutrients to surface waters and stimulating primary production during the Cenomanian-Turonian event. Another sea-level-related mechanism was suggested by Hay et al. (1993) who hypothesized that dense waters can form in epicontinental seas by caballing (mixing of two water masses of equal density to produce a third of greater density) and that these waters might become the dominant source of deep water for the world ocean during marine transgressions. They argued that such waters might be low in dissolved oxygen initially because of high rates of organic-matter export along oceanic fronts that are thought to produce such water masses; therefore, deep waters in the world ocean would be more susceptible to anoxia.
CONCLUSIONS
Marine transgression has long been linked with the occurrence of black shale horizons in the stratigraphic record (e.g., Arthur and Sageman, 1994; Wignall, 1994) , but the reasons for this association have not always been clear. We have used examples of black shales from the Holocene, the CenomanianTuronian, and the Upper Devonian to illustrate the ways in which rising sea level and/or sea-level highstand can influence watermass characteristics and circulation within basins, exchange of water masses with external water bodies, regional climate and fluvial weathering inputs, and patterns of sediment deposition to produce strata enriched in organic carbon.
Sedimentary condensation is an important effect of rapid sea-level rise, and the reduced rates of sediment accumulation limit dilution of OC falling to the SWI. However, preservation becomes more important than dilution at low sedimentation rates (e.g., Tyson, 2001) , and enhanced burial efficiency or degree of OC preservation at low sedimentation rate requires either an enhanced flux of OC to the SWI through higher primary productivity or anoxic conditions at or above the SWI to increase preservation potential. Both processes lead to sulfate reduction, free hydrogen sulfide, elimination of burrowing organisms, and a reduction of particle residence time at the SWI. This, in turn, reduces oxic degradation and allows a greater burial efficiency (e.g., Canfield, 1989; Tromp et al., 1995; Meyers et al., 2004) .
Increasing external nutrient supply is an important parameter to consider. It appears that some combination of significant increases in fluvial phosphate supply, external input of nutrientrich seawater by, for example, exchange of deeper water with adjacent basins, coupled with better nutrient trapping efficiency within the basin are required to produce widespread, highly organic-carbon-rich deposits within a basin on transgression. The estuarine circulation produced by settings having high freshwater fluxes through rivers is conducive to nutrient trapping and development of anoxia.
ACKNOWLEDGMENTS
We deeply appreciate the encouragement and insightful critiques of drafts of this manuscript provided by Nick Harris. We also acknowledge helpful reviews of an earlier draft of the manuscript by Nicolaus Tribovillard and William A. Morgan. In addition, we are grateful to Jason Flaum, who spent considerable time tracking down and formatting references. Last but not least, the authors would like to thank Walter Dean, Tim Lyons, Steve Meyers, and Adam Murphy for their enthusiastic collaboration on "black shale" projects and ongoing discussion of many of the issues dealt with in this paper. BBS acknowledges NSF grants -EAR 97-25441 and 00-01093 for support of part of this research, while MAA acknowledges support from NSF-EAR 96-28344 and the NASA Astrobiology Institute (Cooperative Agreement NCC2-1057) through the Penn State University Astrobiology Research Center.
